In tropospheric chemistry, secondary organic aerosol (SOA) is deemed an end product.
Introduction
More than half of the world population inhabits rapidly expanding conurbations with increasing per capita energy needs.
1 Assessing the impact of these combined trends on air pollution, human health and quality of life in megacities is therefore a pressing issue. [2] [3] [4] This goal is being approached via three-dimensional chemical transport models that include pollutant emissions, transport, removal, gas-phase chemistry and aerosol physics. [5] [6] [7] [8] [9] [10] Since 'the key to understanding tropospheric chemistry begins with the_OH radical' 7 a mandatory test for any model is how well it reproduces _OH radical concentrations under diverse conditions. 11 The chemistry of nitrogen oxides (NO x ) plays an essential role in the production of _OH radicals, which can be triggered by the photolysis of NO 2 , reaction R2, followed by reactions R3-R5: 7, 12, 13 NO 2 + hn (l < 422 nm) ¼ NO + O( 3 P) (R2)
The augmented strength of nitrogen oxides (NO x ) emissions in megacities (from internal combustion engines used in transportation) poses a critical test to current models.
1,2,14,15
Reliable air quality forecast models should have the ability to simulate the composition of the troposphere in most locations throughout the year. 3, 16 This is a major challenge, because some pollutants, such as particulate matter, 17 are always present in signicant amounts, 18 whereas others, such as O 3 , peak in summer. Disappointingly, current models generally fare poorly in predicting how _OH concentrations respond to actinic ux and NO x levels, 11 and systematically underpredict HONO concentrations. 11, 16, 19 The strong direct correlation between tropospheric _OH concentrations and solar ultraviolet radiation:
detected at a pristine site yearlong, 21 and episodically at a polluted one, 22 is not well reproduced by standard chemical models. [22] [23] [24] Even more troubling is that, contrary to expectations, noon-time _OH concentrations (in Birmingham) during winter were found to be only a factor of 2 smaller than in summer, despite a factor of 15 reduction in J(O 1 D) over the same period. 25 Given the key role of _OH, this represents a major deciency in our understanding of tropospheric chemistry. It has been suggested that the diminished solar photolysis of O 3 in winter could be supplemented by that of HONO, 16, [26] [27] [28] [29] [30] reaction R6,
which is driven at longer wavelengths than R4 and, hence, will still proceed at signicant rates at low zenith angles. Since R6 is fast (HONO half-life $10 min) this proposal in effect calls for an unspecied process that causes HONO daytime production to be competitive with NO 2 photolysis, R2. [31] [32] [33] [34] The missing process is likely heterogeneous, 19, [35] [36] [37] [38] [39] must obviously track sunlight and be able to reduce N(IV)O 2 into HON(III)O under the prevailing oxidizing conditions. 40 Reaction R1:
may meet these requirements but, since it entails the concomitant termination of NO 2 as NO 3 À , its likelihood rests on whether is consistent with the kinetics of NO 2 decay in the eld. Herein, we address this outstanding issue in tropospheric chemistry via a meta-analysis of recent eld measurements on HONO daytime sources and NO 2 decay in urban plumes from the perspective of our new results on the catalysis by organic anions of NO 2 uptake on water. The objective of this paper is to present an explicit chemical mechanism for R1, and show that its operation on wet SOA accounts for a suite of apparently unrelated, hitherto unexplained observations. The paper is organized as follows: we (1) report new laboratory results obtained by a novel technique developed in our laboratory [41] [42] [43] [44] on the catalysis by dicarboxylic acid anions of the hydrolytic disproportionation of NO 2 (g) on aqueous surfaces (reaction R1) [45] [46] [47] as well as supporting quantum mechanical calculations and (2) show that such anions are normally produced in urban SOA from the photochemical oxidation of volatile organic compounds (VOCs). 48 We then review and summarize pertinent information on aerosol optical depth time series data over megacities, 49, 50 and solar photolysis frequencies J(NO 2 ), J(O 1 D) and J(HONO) as functions of season and latitude. 20 On this factual basis, we provide a novel interpretation of recently reported data on the quantication of the unknown HONO daytime source, 26 and seasonally-averaged daytime NO 2 decay lifetimes over several megacities. 51 
Experimental results
In our experiments we expose continuously owing aqueous microjets to a steady, orthogonal stream of NO 2 (g) (at ppmv levels in a N 2 gas carrier) for a few tens of ms under ambient (1 atm total pressure, at 293 K) conditions, while detecting the NO 3 À produced in reactive gas NO 2 (g)-liquid collisions via online electrospray ionization mass spectrometry (ESI-MS). A full description of the instrument and its operation in similar experiments can be found in previous publications from our laboratory. [41] [42] [43] 47 Specic details are provided as Supplementary Information (ESI), † which includes a diagram of the reaction zone (Fig. S1 †) . The decisive advantages of online ESI-MS over other techniques are that it (i) operates in situ, i.e., avoids sample manipulation, (2) is fast: gas-liquid reaction times are a few tens of ms, 52 and products are detected within $1 ms, (3) is mass-selective, thereby providing unequivocal identication of ionic reactants and products, (4) has high sensitivity, with routine detection limits down to 0.1 mM, allowing experiments approach realistic conditions, (5) minimizes surface contamination, because reactive gas-liquid events take place on fast-owing, continuously refreshed liquid microjets. We have previously demonstrated that our experiments are surface specic by showing that anion signal intensities in the mass spectra of equimolar salt solutions, rather than being identical follow a normal Hofmeister series, 53, 54 and detect products of gas-liquid reactions that could only be formed at the air-water interface.
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The basic information provided by these experiments is how m/z ¼ 62 NO 3 À signal intensities, I 62 , vary as functions of the composition of the aqueous microjets and the partial pressure of NO 2 (g) in the impinging streams. The initial composition of the aqueous microjets ranged from deionized water to sub-mM solutions of malonic acid (MA, HOOC-CH 2 -COOH), glutaric acid (GTR, HOOC-(CH 2 ) 4 under such conditions (See Fig. S2 , ESI †). The surface density, S(NO 3
sions on aqueous microjets, is given by the kinetic theory of gases, eqn (E1):
where d $ 5 Â 10 À8 cm is the average thickness of interfacial layers, g w is the uptake coefficient of NO 2 (g) on water, c ¼ 3.72 Â 10 4 cm s À1 is the mean speed of NO 2 molecules at 300 K, and s > 10 ms is a lower bound to NO 2 (g)/microjets contact time. 52 Thus, we estimate that g w < 2 Â 10 À7 , in accordance with previous results on the negligible uptake of NO 2 (g) on pure water obtained by independent techniques. 57, 58 The exceedingly low probability of R1 on pure water is supported by MD calculations showing that the hydrophobic free radical NO 2 has strong propensity for the surface of neutral clusters NO 2 (H 2 O) n .
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In striking contrast (but in accordance with the cloud-chamber Berkeley experiments on NaCl-seeded droplets) 61 we found that the uptake of NO 2 (g) increases dramatically in the presence of anions in the sub-millimolar range. Anions are known to be selectively enriched at the air-water interface according to their size. 54, 62, 63 Under present conditions, dicarboxylic acids (pK 1 ¼ 2.8 (MA), 4.3 (GTR), 2.1 (GTM)) are largely present as monoanions. The curves in Fig. 1 correspond to Langmuir adsorption functionals: insignicant. From the ratio of I 62 signal intensities in the presence and absence of carboxylate anions: I 62 (anions)/I 62 (water) $ g/g w , we estimate that reactive NO 2 uptake coefficients increase with anion concentrations from g w $ 10 À7 up to g $ 10 À4 -10 À3 values in the mM to mM range. 46, 47 The range of our reported g values is a conservative estimate based on the reproducibility of a series of experiments in which we alternated the use of water and electrolytes as liquids.
Computational results
To gain deeper molecular insights into the interactions underlying our experimental observations, we performed quantum mechanical calculations on NO 2 -[(H 2 O) 10 . The minimum of the potential energy surface (PES) along the N-Cl distance occurs at a 3.0Å separation (Fig. 3) 69 With such low enthalpy barriers, the overall reaction rate is determined by the free energy barrier, i.e., by the concentration of NO 2 in the gas-phase. Thus, we conclude that the interaction between NO 2 and a [(H 2 O) 10 -Cl] À cluster is purely electrostatic and, hence, conrm that all anions (X À ) should catalyze reaction R1, in accord with our experimental observations. [45] [46] [47] Our calculations are also consistent with recent molecular dynamics calculations.
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The preceding observations are accounted for by the following mechanism:
In which NO 2 (g) disproportionates in two steps, reactions R7 and R8, through the intermediacy of persistent, interfacial XÀNO 2 $ À adducts. According to this mechanism, the overall rate of R1 is controlled by the slow uptake of NO 2 via R7. The probability that a second NO 2 (g) molecule reacts with interfacial XÀNO 2 $ À adducts, reaction R8, is signicantly higher than that of reaction R7. The catalytic role of anions in R7 has been clearly demonstrated in similar experiments in this setup, in which the enhanced production of NO 3 À in the presence of various X À was not accompanied by X À losses except in the case of X À ¼ I À , which was partially oxidized to I 2 _ À . 47 Thus, the enhancement of NO 2 (g) uptake by anions is simply a case of general base catalysis.
Tropospheric aerosols: optical depths and anion loadings
It is a remarkable fact that the global distribution of tropospheric aerosols, as characterized by satellite sightings, shows weak seasonal and interannual variations. 49, 50 For example, a 67-month time series of daytime column aerosol optical depths (AOD) over land: AOD (532 nm) ¼ 0.145 AE 0.0228 (all-sky) and 0.179 AE 0.0257 (cloud-free) merely display $15% variations overall. 50 This nding is a direct indication that aerosol has multiple, uncorrelated sources, and that the photochemistry involved is complex, indeed more complex than currently envisioned. Thus, although the composition of SOA varies daily with sunlight, as expected from components of photochemical origin, 48 seasonal trends tend to be rather at (within a factor of 2) over most megacities, 49 such as Los Angeles,
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Istanbul, 72 Paris, 73 Moscow, 74 Seoul, 75 Beijing, Chongqing, Shanghai, Chengdu and Guangzhou, 18, 76 Pearl River Region (China), 77 Delhi, 78 and Tokyo. 48 For example, the gravimetric mass concentration of ultrane particles (i.e., the major contributors to number density and specic surface) in Los Angeles, changes from $6 mg m À3 in spring to $10 mg m À3 in fall and winter. 71 The ionic mass over Istanbul steadily increased, i.e., without showing major seasonal oscillations, from 10 mg m À3 in November 07 to 20 mg m À3 in June 09. 72 Perhaps not unexpectedly, Moscow is less typical: atmospheric aerosol number densities show more pronounced seasonal variability, peaking in winter at values 3-4 times higher than at midsummer. 74 We have shown in the laboratory that all anions, organic and inorganic, [45] [46] [47] catalyze reaction R1. Organic acids are produced as ubiquitous components of SOA via in situ oxidation of the water-soluble compounds generated in the photo-oxidation of volatile organic compounds VOCs. 7, 18, 72, [78] [79] [80] Mono and dicarboxylic acids in urban atmospheres systematically increase during the morning peaking at noon, as reported by Kawamura et al., 48 and are highly correlated with non-sea salt sulfate (the most abundant anion throughout) by sharing a common photochemical origin. 79, [81] [82] [83] Summing up, extensive groundbased and remote data show that mass concentrations and anion makeup of tropospheric aerosols display daily cycles that average out into seasonal variations within a factor of $2.
5 Seasonal and latitudinal variations of J(NO 2 ), J(O 1 D) and J(HONO) photolysis frequencies
The frequencies at which NO 2 , O 3 and HONO are photo-dissociated by sunlight via reactions R2, R4 and R6, respectively, are strong functions of zenith angle 4.
the lowest frequency under all conditions, it might be inferred that photostationary _OH concentrations will be always determined by ozone photodissociation. 11 The linear [_OH] f J(O 1 D) correlation found at a remote site over a 5-year period seems to conrm this contention, 21 but it should not be expected to hold in general. 25 In fact, there is overwhelming evidence that tropospheric [_OH] is well buffered against J(O 1 D) variations in most locations. The failure of current tropospheric chemistry models to account for such crucial phenomenon has prompted various suggestions about alternative _OH sources. 39 The generalized perception is that such sources are linked to yet unidentied NO x chemistry for no better reason that the same models systematically underpredict HONO eld measurements.
Observational constraints on the unknown HONO daytime source
Three decades aer the rst spectroscopic detection of HONO in the atmosphere, 84 and much work since, 27,38,85-92 the mechanism of HONO daytime formation remains a puzzle. 93 However, recent work has provided strong constraints on the unknown HONO daytime source and its relation to NO 2 chemistry. 26 Key ndings were that the rates of HONO production during daytime, R HONO , at a given site (1) are an order of magnitude faster than extrapolated nighttime rates of the hydrolytic disproportionation of NO 2 on wet surfaces, 27 (2) systematically increase with solar ux, peaking at noon but, however, (3) can be accounted neither by the reaction of excited NO 2 * with H 2 O(g), 28 reaction R9 nor by the reduction of NO 2 photosensitized by irradiated soot, [C-H] red *, reaction R10: 46, 94 
Measured R HONO at noon correspond to the conversion of 10% to 43% NO 2 into HONO per hour. 26 Since a 50% NO 2 / HONO conversion is the stoichiometric limit imposed by R1, the implication is that the 'unknown HONO daytime source' must also be a signicant daytime sink (as NO 3 À ) for NO 2 , and should therefore impact NO 2 decay lifetimes. At present, it is not obvious how the heterogeneous 'dark' reaction R1 could be signicantly enhanced by sunlight, 26 or whether such enhancements are compatible with the kinetics of NO 2 removal, 95 which is generally deemed to occur exclusively in the gas-phase via reaction R11:
7 Satellite data on NO 2 decay lifetimes in urban plumes were only a factor of 2 longer in winter than in summer. Clearly, the calculated s NO 2 +OH,model increases vastly exceed the observational dispersion of hs NO 2 ,measured i in all cases (Fig. 4) 
How R1 buffers tropospheric OH-radicals
Rates of the reactive dissolution of NO 2 in aerosol particles wet with aqueous electrolytes can be calculated from the kinetic theory of gases as:
, where (S/V) is the combined surface of wet particles per volume of air. 46, 59 Typical (S/V) values vary from <2 Â 10 À5 cm À1 in clear weather to >5 Â 10 À5 cm À1 during foggy events. It should be realized, however, that (S/V) and total electrolyte concentrations of typical cloud and fog droplets and, hence, g will display wide variability over daily and weekly periods. 97 Thus, by adopting a representative average value for the uptake coefficient of NO 2 (g) on tropospheric aerosols: g $ 3 Â 10 À4 (see above), we estimate k d $ 6 Â 10 À5 s À1 , which corresponds to $20% NO 2 (g) hourly conversions in clear-day conditions, i.e., in the range of those observed in the eld. 26 By assuming that all HONO produced in reaction R1 is rapidly photolyzed via R6, the rate of _OH production at the terminus of this route, r +OH (R1), will therefore be given by eqn (E3):
In contrast, the production of _OH initiated by O( 3 P) from R2 via R3-R5, r +OH (R2), has higher losses. 7 As a result, the rate of _OH production from this pathway is signicantly smaller than that of the initiation step: r(R2) ¼ J(NO 2 ) (Fig. S4 †) , the switching condition r +OH (R1)/r +OH (R2) ¼ 1, is reached when g(S/V) $ 1 Â 10 À9 cm À1 , which should be met on realistic wet aerosols (see above). Thus, at small zenith angles (low latitudes, summertime) _OH production is controlled by r +OH (R2), but, when the actinic ux declines, _OH production switches to (and never falls below) r +OH (R1), which depends on hg(S/V)i values rather than solar ux, eqn (E3) (Fig. S4 †) . We believe that the preceding considerations lie at the core of the mechanism by which _OH concentrations are buffered in polluted air. Summing up, we report laboratory results showing that carboxylate anions, such as those found in real atmospheric aerosol particles, dramatically enhance the conversion of NO 2 (g) to HONO(g) on the surface of water, and quantum mechanical calculations conrming that most anions will trap NO 2 via electrostatics on the surface of water clusters. We also point out that recent satellite observations of NO 2 evolution over several megacities exclude a dominant role for the removal of NO 2 by gas-phase OH-radicals. On this evidence, we propose that the anion-catalyzed heterogeneous disproportionation of NO 2 (2NO 2 + H 2 O ¼ H + + NO 3 À + HONO) on pervasive SOA, whose carboxylate anion content tracks photochemical activity, may both account for the time dependence of the HONO daytime source day and the dominant sink of NO 2 over the course of the year. Our insights provide a causal link that bridges episodic and long-term, apparently unrelated and hitherto unexplained, observations on NO 2 /HONO in the lower troposphere.
